Uphill diffusion, the diffusion of a component up its own concentration gradient, has often been observed in experimental studies of diffusion in synthetic multicomponent systems and natural silicate melts. To apply experimental data to natural processes, it is necessary to quantify this effect. A modified effective binary diffusion model is developed in this paper. The diffusive flux of a component is assumed to be proportional to its activity gradient (instead of concentration gradient). The activity coefficient is related to its concentration at quasi-equilibrium distribution in a compositional continuum with the help of the two-liquid partition concept. The concentration at quasi-equilibrium distribution is approximately expressed as a simple function of SiO 2 or SiO2+A1203 concentration. The diffusion of SiO 2 or SiO2+A1203 is assumed to be effectively binary. With these assumptions, diffusion of a major or trace component can be described by two adjustable parameters, •D (the intrinsic effective binary diffusivity) and Cf (a parameter related to two-liquid partition coefficients). The simple model fits well the experimental uphill diffusion profiles produced by diffusive crystal dissolution into an andesitic melt using constant diffusivities when compositional variation across the whole profile is small. The parameters fit to the profiles are generally physically meaningful. The model is able to predict the direction of diffusion (occurrence or absence of uphill diffusion) in previous experiments and can be used to simulate the development of chemical concentration and isotopic ratio profiles during diffusion. When compositional dependence of diffusivities is allowed, the model may be applied to systems with greater compositional variation. This model can be tested in several ways and should be useful in studying diffusion in a variety of natural systems.
complicated system (most natural silicate melts consist of at least six major components, SiO2, A120•, FeO, MgO, CaO, Na20) has proven difficult. For example, Zhang et al. [1989] attempted to the data to justify reporting a diffusivity matrix. Kubicki et al. [1990] gave multicomponent diffusivity matrices for a quaternary system (SiO2-A1203-MgO-CaO on the An-Di join). However, these matrices have complex eigenvalues, which are in violation of basic constraints from irreversible thermodynamics. Trial and Spera [1990] reported a preliminary diffusivity matrix (which also has complex eigenvalues due to truncation errors in each element in the matrix); they also concluded that elements in the matrix were so poorly constrained that it cannot be applied at all to predict diffusion behavior in other systems even with the same bulk composition. Since obtaining diffusivity matrix from experimental data is difficult, Baker [1992] applied the model of Lasaga [1979] to calculate diffusivity matrices from tracer diffusivities.
The matrices are then used to calculate concentration profiles in his dacite-rhyolite couples [Baker, 1990] . The results show mixed success and do not yet provide a reliable method for predicting chemical diffusion profiles. The difficulty of obtaining multicomponent diffusivity matrices has led many workers to employ a concentration-based effective binary approach [Cooper, 1968; Hofmann, 1980] . In geological literature, almost all chemical diffusioa data are reported on the basis of concentration-based effecti(,e binary diffusion [cf. Hofmann, 1980; Freer, 1981; Watson and Baker, 1991] . In this approach, the multicomponent system is treated as if it were binary between the component in consideration and the other combined component which includes all other components. The diffusive flux for component i becomes
where D i is the concentration-based effective binary diffusivity for component i. This approximation is operationally feasible for monotonic diffusion profiles, but it does not work for components displaying uphill diffusion, because Di would vary from positive to infinity to negative in a single profile. At present, there is no way of predicting the direction of diffusion of a component in silicate melts in experimental charges or in natural magmas. Furthermore, concentration-based effective binary diffusivities extracted from experimental data seem overly dependent on melt composition even for monotonic profiles that are treatgole by the method.
Even though treating multicomponent diffusion by (1) is completely general, it has a serious problem in that kinetic diffusive properties are lumped together with nonideal mixing properties of a solution (such as a melt). For example, negative interdiffusivities in binary systems and negative eigenvalues in diffusivity matrices for multicomponent systems during spinodal decomposition are a manifestation of nonideal mixing and not an intrinsic transport property [Kirkaldy and Young, 1987] . The lumping of kinetic diffusive properties with nonideal mixing properties makes the [D] matrix defined in (1) overly sensitive to the bulk composition of the phase in nonideal systems. It would be preferable to separate kinetic properties (such as the diffusivity matrix) from thermodynamic properties, i.e., to separate crossterm diffusivities intrinsic to the transport process from those arising from nonideal mixing. Therefore it is prefergole to write the diffusive flux in an N-component system according to Onsager's irreversible thermodynamics in terms of activity gradients as follows:
(3) obtain a [D] matrix for natural andesitic melts from diffusion where ai is the activity and Ti is the activity coefficient of profiles produced by diffusive crystal dissolution 'out concluded component i in the solution.
•Dij is the activity-based diffusivity that the cross-term diffusivifies were too poorly constrained by and will be referred as an intrinsic diffusivity [Carman, 1968] The approach with (3) is theoretically appealing, but in practice, it is difficult to use because concentrations in a diffusion profile can be measured directly, while activities must be determined independently.
Even if the [•D] or [D]
matrix for major components can be obtained with sufficient accuracy to be applied to natural systems, it is unlikely in the near future that cross-term diffusivities for trace components due to concentration or activity gradients of major components could be resolved accurately enough to allow prediction of the diffusive behavior of multicomponent systems, (4) lumps the cross-term diffusivities (•Dij with i ,e j) into •Di. Strictly speaking, intrinsic cross-term diffusivities (•Dij with i ,e j) should not be lumped into (4) even if the diffusive flux is expressed as a function of activity gradient. Intrinsic uphill diffusion, i.e., diffusion of a component against its activity gradient, does occur in some systems (e.g., uphill diffusion in the Cu-Ag-Au metal system, which means intrinsic uphill diffusion because the system is near ideal [cf. Kirkaldy and Young, 1987 ; see also Spera and Trial, 1993] . Such a phenomenon cannot be treated by (4). Equation (4) also has the following limitations by analogy to the concentration-based effective binary approximation [Cooper, 1968] : (1) The activity gradients of all species must be in the same direction; and (2) either a steady state exists or there is no characteristic distance involved in the problem (i.e., infinite or semi-infinite diffusion). The approximations implicit in (4) undoubtedly cause some error, but modeling results to be shown later suggest that (1) such errors are not dominating for the systems studied; (2) this model does a better job than the concentration-based effective binary diffusion model in treating a variety of diffusion profiles; and (3) this model is able to predict the direction of diffusion.
Comparing (2) and (4), the intrinsic effective binary diffusivity (•D, the subscript i has been dropped to simplify the notation) for a given component can be related to the concentration-based effective binary diffusivity (D) in one-dimensional case through the following: I a(hll) / ax) (5) Equation (5) is equivalent to Darken's equation [Shewmon, 1963, p. 126] . The differential term in (5) is taken in a compositional gradient of major components and hence is unlikely to be zero the trace components. Hence it is useful to develop an even for trace components (unless Y is independent of not only C approximate procedure for modeling the diffusion behavior for but also concentrations of other major components). Since both major and trace components in complex systems that can be Darken's equation relates a binary diffusivity (D) to a selfcalibrated using limited experimental data and applied diffusivity, the intrinsic diffusivity defined in (4) is equivalent to semiquantitatively to natural systems. In the sections that follow the self-diffusivity in a binary system. When T is constant, •D a modified effective binary diffusion treatment is presented in equals D. For uphill diffusion profiles during spinodal which activities are used instead of concentrations. The decomposition in a binary system, or for uphill diffusion profiles assumptions and formulation of the model are discussed first; in multicomponent systems caused by variable Y, D varies from then some features of and some simulation results based on the positive to negative even if •D is constant. model are presented; afterward the model is applied to fit and The activity coefficient Y in (4) can be related to the predict diffusion profiles.
A MODIFIED EFFECTIVE BINARY DIFFUSION MODEL
As discussed earlier, there are insufficient data to achieve a perfect description of multicomponent diffusion through either (1) or (3) for complicated silicate melts. The concentration-based effective binary approach fails for components that diffuse uphill. As a compromise, a modified effective binary diffusion model is proposed. The basic approach is to approximate (3) by
for an N component system where i ;e N. concentration of the component at equilibrium or quasiequilibrium (Ce) in a system using the two-liquid partition concept [Watson, 1982] . Now, imagine that the number of liquids is infinite, so that the liquids comprise a compositional continuum in which SiO2 and/or A1203 profiles are smooth (Figure lb) . If the SiO2 and/or A1203 profiles were fixed (i.e., time-independent), then other components would "partition" along the continuum of miscible liquids such that a is constant. In this hypothetical state, each component would reach a quasi-equilibrium distribution among the continuum of liquids which is characterized by a constant ae (= TeCe). (This quasi-equilibrium distribution of a component in a continuum of liquids is not identical to the local equilibrium concept which means equilibrium of a reaction in a very small volume.) Hence Te is inversely proportional to C e. The concentration difference for the component between the two endmember liquids at quasi-equilibrium is again referred as 2C•r. A hypothetical two-liquid partition coefficient K between the two end-member liquids ("hypothetical" because the two liquids are not immiscible) can be defined by (6) in which C+.e and C-.e are replaced by C+-,e, and C---,e (oo with respect to SiO2 diffusion). 
All of the assumptions implicit in (4) are equally applicable to (7). It is emphasized that the validity of (7) Therefore activity profiles can show minimum and maximum points even though it is assumed that mass always diffuses down activity gradients. This arises because of the complicated relationship between a and C and because C is on the left-hand side of (9), while a (i.e., 7C or C/Ce) is on the right-hand side. Consider, for example, the case in which activity is initially constant across the whole profile. (In this case, it is necessary to consider cross terms, however small they may be, and hence the discussion is purely academic and may be unrealistic.) Hence in ( error function by artificially setting the interface of the profile to the midpoint of the profile, the resulting diffusivity often agrees Db>q), then some other complications occur (e.g., length of with actual intrinsic diffusivity to within +20%. concentration profiles reflects q) better than length of activity profiles). The results are not discussed here because such cases are not common for silicate melts.
Comparison of lsotopic Ratio Profiles and Chemical Concentration Profiles
The development of chemical concentration and isotopic ratio profiles during diffusion can also be modeled using this model.
For an infinite diffusion couple, the concentration of each isotope of an element satisfies the diffusion equation (9), and all the isotopes have essentially the same activity coefficient which relates Ce of different isotopes. The concentration profile for each isotope can be calculated directly from (9b) and thereby the isotopic ratio profile can be calculated by taking the ratio of two isotopes. Examples of calculated isotopic ratio and chemical concentration profiles are shown in Figure 4 . In this simulation, initial conditions similar to those reported by Lesher [1990] 2. The isotopic ratio profile is always monotonic; "uphill diffusion" of isotopic ratios is never generated in simulations, consistent with experimental results [Lesher, 1990; van 
where V is the melt growth rate given by V = A I.
•, Consider an initial condition x > 0, i.e., in the melt, 
Chemical Diffusion During Diffusive Crystal Growth
The model presented above can be applied to simulate diffusion profiles during crystal growth. If the relevant data are known, other applications are, in principle, straightforward.
Consider CaO diffusion during olivine growth from an oversaturated silicate liquid. The growth rate is assumed to be diffusion controlled, and hence inversely proportional to tl/2. The diffusion can be described by (14) Crystal growth in melts usually occurs while the system is cooling and hence the growth rate is affected by cooling rate and may be constant rather than inversely proportional to tit2. This problem is more complicated because the concentration profile evolves with time in a complicated way instead of propagating according to the square root of time. The interface melt composition and hence Cj, also change with time. Simulation results using this model with appropriate boundary conditions and constant •D (assuming temperature variation is small) show that uphill diffusion always occurs for CaO during olivine growth, as in the case of diffusion-controlled growth rate at constant temperature. However, whether or not this uphill diffusion profile is resolvable depends on the crystal growth rate V, the time t since initial growth, and the diffusivities. Roughly, when V2t/Do < 10 -4, uphill diffusion is not measurable. Cashman [1991] Table 2 reports results for more fits. The q)values obtained for different experiments (dissolution of different minerals) at similar temperature and pressure are similar. In general, q)values from fits to alkali profiles have large errors because (1) the quality of data is lower (most Na20 and a few K20 profiles are not good and are not used to fit); (2) q)>>Dr, (in the extreme case when q) >>>Dr,, quasi-equilibrium is reached and it is not possible to obtain q) from concentration profiles); and (3) q) values are inherently not well constrained by these profiles as shown in the simulations in a previous section.
Given the two major approximations embodied in (14) and (18) and the assumption of constant p, Dr,, and q), it is remarkable that such a simple model fits the experimental diffusion profiles so well. There are many factors that could lead to poor fits, such as significant cross terms, discrepancies in the Ce expression, and variable Dr, and/or q). The good fits obtained for many examples suggest that this model still captures the essence of the problem, although limitations of the model are evidenced by the systematic misfits when the compositional variation across the profile is too large. Variable Dr, and/or q)can be incorporated into the model in the future if the compositional dependence can be specified.
DISCUSSIONS AND APPLICATIONS

Comparison With Two-Liquid Partition Coefficients and Results From Solution Models
To examine whether the activity model employed to fit experimental profiles (i.e., equation (18) Figure 10) , the K value (hence -i ratio) between any two liquids can be calculated given difference in Si+A1 between the two liquids. Defining -i=l for the initial melt, -i at any point along a diffusion profile can be calculated from two-liquid partition data parameterized in Figure 10. 3. Activity coefficient for a given component at any point along a diffusion profile can be directly calculated from the mixing model of Ghiorso et al. [1983] . Dividing the activity coefficient at any point by that of the initial melt, the result is the -i with respect to the initial melt. predicted to be close to Db, rather than to q). This is also consistent with experimental data. For the experiments of Baker [1990] , the model predicts that D should be close to q)rather than to Db. However, Baker [1990] 
CONCLUSIONS
An activity-based effective binary diffusion model is presented for diffusion in multicomponent silicate melts. The diffusive flux of a component is assumed to be proportional to the activity gradient of the component (instead of the concentration gradient). The activity coefficient of a component is inversely proportional to its concentration at quasi-equilibrium distribution using the two-liquid partition concept. The quasi-equilibrium distribution is assumed to be a linear or exponential function of SiO2 or SiO2+A1203 concentration. Assuming a constant concentrationbased effective binary diffusivity for SiO2 or SiO2+A120•, the quasi-equilibrium concentration is a simple function of distance and time. Assuming a constant intrinsic effective binary diffusivity for the component, the model fits well both the monotonic and uphill diffusion profiles of both major and trace components generated by crystal dissolution experiments when the total compositional variation across the whole profile is small. It appears that, unlike the concentration-based effective binary diffusivities, intrinsic effective binary diffusivities are not very sensitive to the bulk composition or the direction of diffusion. Activity coefficients extracted from the fits agree with those based on two-liquid partition experiments and, in some cases, agree with those based on a regular solution mixing model. The model can also (1) predict the unusually short concentration profiles generated during quartz dissolution into an andesitic melt, (2) predict the direction of diffusion, i.e., the occurrence or absence of uphill diffusion in experiments, and (3) simulate development of concentration and isotopic ratio profiles during diffusion. The success of this simple model suggests that it still captures the essence of the problem. However, I emphasize that the model is not perfect and should be applied only when a more precise approach (such as approaches using diffusivity matrix or 
